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argued that a company that wants to remain competitive should be able to unite high quality products and delivery times with the lowest possible costs. interested in this approach and develops a new software that determines optimal production lots considering productive and logistical factors.
The developed software has its basis in the famous works of Harris (1915) and Taft (1918) , in which the EOQ (Economic Order Quantity) and the EPQ (Economic Production Quantity) models were defined. These models optimize the amount to buy (or produce) by minimizing the cost obtained from the fixed costs of buying (or producing) and the variable costs of storing. These models are so important that they are still used in many organizations. A sample is found in the work of James et al. (2011) concerning a Colombian logistics system. Even though the EOQ/EPQ models are still widely used, diverse authors consider that such models can be too simplistic and therefore inaccurate (Yuan, et al. 2011) . This is because these models do not take into account elements such as temporary storage, maintenance and transport, which directly affect the total cost of products. It is because of this that researchers have proposed modifications to the original models to represent situations closer to those experienced daily in the companies (e. g. Jaber et al., 2009 ).
As observed in Khan et al. (2011) , Glock (2012) , Ramasesh (2010) , Sufen (2010) and Valencia et al. (2014) , recent models related to lot size take into account several factors that affect the production cost.
The fact that the optimal production amount must be determined by taking into account not only production costs but also other factors arises partially from the analysis of diverse companies throughout the world. Evidence of this can be found in the works of Lee et al. (2003) , who studied third party logistics (3PL), and Chu and Chu (2007) , who came to the same conclusion from the study of a refinery.
Despite the above, this is the first work in the literature to introduce an EPQ-based software. However, there are different tools based on the EOQ model. Examples of these programs are provided in Table 1 . This equation optimizes the sum of the ordering and inventory holding costs, as shown in Figure 1 . Although, EOQ-based programs focus on determining optimal ordering batch size, they can also be useful for defining production lots by taking S as the fixed cost of production.
Some ERP (Enterprise Resource Planning) programs also determine the optimal lot size. However, these computer tools are not comparable to the software proposed here for three main reasons: I) their scope includes the management of all or most of the organization; II) they are usually very large systems (Grabot et al. 2014) ; and finally, III) they tend to be complex and costly (Munir and Pinedo, 2013) .
For the reasons above, we conclude that EOQ-based programs are the most similar to the one introduced here, although they also have profound differences. One main difference is that EOQbased programs consider only two costs, but the program proposed here considers those detailed in Figure 2 . Another difference is that the proposed software does not use an analytical approach to determine optimal batch sizes, but through an iterative process, it solves a variant of the problem proposed in Valencia et al. (2014) . By solving this variant, one may determine the lot size (Q*) that minimizes the cost incurred to satisfy a known demand (D) while also satisfying the storage and transportation constraints. The objective function of the problem considered is shown in equation (2).
(1)
The meaning of each variable used in equation (2) is provided in Figure 3 , which has been taken from the "Help" window of the proposed software. Equation (2) and Figure ( 3) reflect the natural complication of taking into account several production and logistics factors. The main motivation for developing this software is to present an easy-touse tool that provides optimal values close to the real ones, unlike existing EOQ-based programs whose results are too simplistic.
Another motivating factor was found in Mariño et al. (2008) . In that work, the idea that software development can support crucial steps within the execution of a business plan is well established.
The final motivating factor was found in Pallares and Calderon (2006) . These authors established that using information technology in technical education is indispensable. Furthermore, they suggest that new software needs to be developed for engineering education because this allows career education, enabling students to adapt to the various changes in their work. In response to these needs, Spanish universities are global leaders in these developments (Pallares and Calderon, 2006) .
Although, the main objective of this work is to present the development of a software tool that calculates optimal production batches, it also seeks to show that software development is a practical way to achieve collaboration between companies and universities; this is because software development allows users to automate the resolution of certain problems that would be difficult to face in business environments, especially for SMEs.
An important contribution of this work is that the developed software can be sent free of charge to an interested reader, provided they state the reasons for requesting it. This is particularly important because although the developed program cannot be applied to all productive environments due to its design being optimized for certain types of processes, it can provide guiding optimum values, as was concluded from several experiments conducted.
Furthermore, the way the software was designed makes it relatively simple to modify its programming to adapt it to other productive processes. In this regard, some modifications that may be considered to adapt the software to other processes are illustrated in Table 2 . Naturally, what modifications should be made will depend on each process. Production Considering the possibility of making more than one piece at a time.
Reprocessing
Considering the possibility of reprocessing more than one piece at a time.
Varying when, where and how many parts are reprocessed.
Inspection
Varying the number of inspections.
Varying the number of parts to be inspected.
Storing
Considering that the cost of storing satisfied and unsatisfied parts is not the same.
Scrap disposal
Considering that there is a profit related to scrap. Considering that scrap may be associated with a future process, including another rework.
Maintenance Considering corrective maintenance.
Transportation
Varying some part of the transportation systems (e.g., incorporating conveyor belts).
A summary of the rest of this article is as follows. In the next section, the production model optimized by the software is discussed. Then, the software tool is presented, as well as the different validations of the software in both business and academic environments. The paper ends with some general conclusions and future research lines.
The production process to be optimized
The production process to be optimized has been treated before by these authors in other works (Valencia et al., 2014) but not through a software tool. That process is detailed in Figure 4 , which is also available in the "Help" window of the software. The productive process considered is as follows: enough raw material to produce Q items enters the process and is completely transformed to perform a quality inspection of all the products of the batch to determine which ones are unsatisfactory and therefore should be reprocessed. This is performed immediately. Once the process itself reworks the products, another inspection is developed to determine which products are satisfactory and which are unusable (scrap). The total satisfactory products are transferred to storage and, in turn, the unusable ones receive an appropriate final disposal. Finally, the stored products should be delivered in fixed amounts over a period of time. The production process also considers space constraints both in terms of storage and transport. In regards to storage, the capacity to store both finished goods and WIP is taken into account. Moreover, transport's finite capacity was also considered.
The production process also considers that the production and the rework time are not constant but follow a normal distribution with a known mean. This idea is consistent with that discussed by Darwish (2008) and Pando et al. (2012) , who established the importance of not considering some costs to be constant. To be able to work with variable production times, the mathematical expectation was used in the formulation of the optimum batch of the process, as in Yuan et al. (2011) .
Another characteristic of the process to be optimized is that it incorporates the logistics index, a concept that was introduced in Lamban et al. (2013) , to approximate the logistics cost of a specific reference from their dimensions (weight and volume).
This production process has been considered for optimization because it is easily adaptable to other processes because it already incorporates several productive and logistics factors.
The software developed
The developed software, which functions both in English and Spanish, responds to a problem inherent to this type of optimization model in which the analytical solution (which can be used only when no restrictions are considered) and the solution using a spreadsheet may not be practical due to the large number of factors considered.
The tool developed, which was programmed in Java® language for its versatility, includes the mathematical formulation needed to optimize the production process. As observed in Figure 5 , the software also includes two simplified choices (in addition to the full optimization method) for considering the production process that generates no scrap and for when the logistics index is 1, i.e., when the logistics cost is known accurately for the reference and is not required to be approximated by its dimensions. Once the user has selected the type of method to use, the software displays a screen that prompts the user for a number of values required for the calculation depending on the process to be modeled, as observed in Figure 6 , which corresponds to the complete optimization method.
The meaning of each of the elements that must be entered in the program is provided by "clicking" on the information button and opening the window, as shown in Figure 3 . Additionally, and as previously mentioned, the explanation of the production process is provided in the "Help" section as well as in graphs of the process and the behavior of the inventory. The software determines the optimal production batch by iterating from one to the maximum value that can comply while satisfying all restrictions. The optimal lot size is displayed in a separate window unless there is an error in the input data format.
As mentioned above, this software can be sent free of charge upon request via an email which justifies the use.
Software validation in enterprise environments
The presented software has been validated in several business cases with positive results. The data shown in Table 3 correspond to three of these business cases, two of which are Mexican companies and one of which is a Spanish company. One Mexican company packages and markets honey, and the other manufactures jewelry; the Spanish company manufactures footwear. The Table 3 costs are in U.S. dollars, and the time units are years, but they can be converted to minutes or seconds by keeping concordance with the cost units.
The data presented in Table 3 were introduced in the developed software to determine optimum batches, obtaining the results shown in Table 4 . The calculated savings are shown graphically in Figure 7 . In all business cases, significant savings were achieved; the footwear business obtained maximum savings. Table 4 . The optimal batches were the same, but there are significant differences in calculation times. In all cases, the software required shorter times, as observed in Figure 8 , where the computation times with a 2.67 Ghz Intel® Core™ i5 processor are shown. 
Software validation in academic environments
The developed software was designed as not only a tool to support decision-making in various companies but also a mechanism to facilitate the teaching of the topics addressed in graduate and postgraduates programs.
The provided tool reinforced in students the concepts learned in class by performing various calculations of optimal batch. Such calculations were mostly obtained from problems adapted from recent literature, such as Chiu et al. (2011) .
To assess students' perceptions regarding the use of the developed software as a tool to facilitate their learning, they were administered a simple survey that asked them to compare the three learning techniques used in the classroom: a) Optimal lot size using analytical calculation.
b)
Optimal lot size using a spreadsheet.
c) Optimal lot size using the developed software.
A total of 120 students were interviewed. These students belong to two universities, one Spanish (University of Zaragoza) and one Mexican, which preferred not to have its name published. The details of how the total students were distributed in different classifications are shown in Figure 9 . As observed, the developed software was widely accepted among the surveyed students. This is an important result achieved in this work.
Conclusions
This paper presents the development of a software that optimizes the production batch for a common production process in various organizations.
The main contribution of this work is that the introduced tool manages to combine the high precision of the analytical optimum and the easy handling of the input values. The software obtains highly precise optimal batches, as found by comparison with expert judgment or software based on the EOQ model. Additionally, other comparisons show that the proposed software requires less time to determine optimal lot size than the Solver®.
The software presented has been validated both in the business community, where it achieved significant cost savings, and in academia, which also established its value as a useful tool in engineering education. Even more, the proposed tool also illustrates how companies can benefit from the work of researchers via software development.
The developed software was designed to be sent to interested readers upon request via email. Furthermore, it can also be modified to optimize productive processes other than the one considered here.
Even though the tool presented has several benefits, some features are still required to complement its functionality, including the ability to conduct sensitivity analysis with different variables and the ability to show main results graphically.
